Trophin-induced synaptic plasticity consists of both presynaptic and postsynaptic processes. The potential interdependence of these mechanisms and their temporal relationships are undefined. The synaptic vesicle protein Rab3A is required for the early, initial 10 min phase but not for the later phase of BDNF-enhanced transmission. We now examine the temporal distinction and mechanistic relationships between these phases of BDNF action. Rab3A mutant cells did not exhibit increased miniature EPSC frequency in response to BDNF in cell culture, indicating an absence of the presynaptic component. In contrast, BDNF enhanced postsynaptic glutamate-induced current in the mutant neurons as in the wild type, indicating that the postsynaptic component of the response was intact. Finally, the postsynaptic NMDA receptor subunit NR2B was phosphorylated at Tyr 1472 by BDNF in Rab3A knock-outs, as shown previously in wild type. Our results are the first to demonstrate that presynaptic and postsynaptic components of BDNF-enhanced synaptic activity are independent and temporally distinct.
Introduction
BDNF is a major regulator of synaptic activity in the CNS (Thoenen, 2000) . Acute modulation of synaptic function by BDNF is attributed to both presynaptic and postsynaptic mechanisms. Several studies have shown changes in presynaptic parameters by BDNF, including an increase in miniature EPSC (mEPSC) frequency within minutes (Lessmann and Heumann, 1998; Li et al., 1998; Schinder et al., 2000; Tyler and Pozzo-Miller, 2001 ). In addition, several electrophysiological measures of presynaptic function are reduced in BDNF knock-out mice, which also exhibit morphological deficits at the active zone (PozzoMiller et al., 1999) . Finally, an essential presynaptic contribution by BDNF for the induction of long-term potentiation (LTP) has been demonstrated using CA1-and/or CA3-specific BDNF and tropo-related kinase B (trkB) knock-out mice (Xu et al., 2000; Zakharenko et al., 2003) . Collectively, these studies indicate an important contribution of presynaptic elements to BDNFinduced synaptic plasticity.
Postsynaptic components also participate in acute modulation of synaptic efficacy by BDNF. Glutamate-induced current in the postsynaptic cell is enhanced after prolonged BDNF exposure (Crozier et al., 1999) , and trkB antagonist in the postsynaptic cell prevents an increase in EPSC amplitude by BDNF (Levine et al., 1995) . These electrophysiological studies are supported by biochemical assays demonstrating posttranslational modification of neurotransmission machinery by BDNF. Phosphorylation of the NR2B subunit of the NMDA receptor by BDNF (Lin et al., 1998) may contribute to the increased NMDA channel open probability observed in the presence of BDNF . Finally, a postsynaptic role for trophin in LTP has been described recently by pairing weak stimulation with BDNF applied locally to dendrites to induce potentiation (Kovalchuk et al., 2002) . Although these studies indicate both presynaptic and postsynaptic aspects of BDNF-induced synaptic enhancement, the exact contribution of each of these components remains to be fully defined.
One approach for studying the involvement of presynaptic and postsynaptic machinery is to use systems in which one of the two components is defective such that they can be examined independently. In our previous studies, a gene encoding the presynaptic vesicle protein Rab3A was induced by BDNF (ThakkerVaria et al., 2001) . Previous reports on Rab3A knock-out mice demonstrate that although basal synaptic transmission is normal, presynaptic mossy fiber LTP is lacking in the CA3 region (Bean and Scheller, 1997; Castillo et al., 1997) . In addition, the knockout displays increased synaptic depression after short trains of repetitive stimuli, suggesting that Rab3A plays a role in the recruitment of synaptic vesicles to the active zone, possibly at a very late step in the secretion process (Geppert et al., 1997) . Using Rab3A knock-out mice, we demonstrated a requirement for this synaptic vesicle protein in the early increase in synaptic charge induced by BDNF (Thakker-Varia et al., 2001) . In contrast, a late response of Rab3A mutant cells to BDNF was observed and is temporally similar to that produced by pairing glutamate iontophoresis and BDNF exposure (Crozier et al., 1999) . We hypothesize that BDNF manifests a two-component response: an early component that is dependent on Rab3A and a later component that is Rab3A independent.
Materials and Methods
Cell-culture preparation. Time-mated pregnant mice or rats were killed by CO 2 asphyxiation in accordance with institutional guidelines for the care and use of animals. Fetuses were removed by cesarean section and transferred to a sterile Petri dish with PBS. Fetal hippocampi were dissected from surrounding brain tissue, and meninges were completely removed. Low-density cultures of dissociated embryonic day 16 wildtype or Rab3A homozygous knock-out mice (The Jackson Laboratory, Bar Harbor, ME) were prepared as described previously (Thakker-Varia et al., 2001) . Briefly, pooled tissue from each litter was mechanically dissociated in 7.5% nutrient medium and plated on poly-D-lysine-coated culture dishes at 350,000 cells per dish. Cultures were maintained in serum-free medium (Levine et al., 1995) for 10 -13 d.
Electrophysiological recordings. Whole-cell patch-clamp recordings were performed after 10 -13 d in culture. Currents were recorded with an Axoclamp 200 (Axon Instruments, Union City, CA) amplifier and digitized with an INDEC interface (INDEC BioSystems, Mountain View, CA). Programs used for data acquisition and analysis were written in house. Internal and external recording solutions have been described previously (Thakker-Varia et al., 2001) . The typical range of pipette resistance was 3-5 M⍀. Cell capacitance was 10 -20 pF, and access resistance was 7-20 M⍀. The vacuum perfusion system contained BDNF (50 ng/ml; Peprotech, Princeton, NJ) or contained neuron-recording solution (NRS) as a control. To record mESPCs and glutamate-induced currents, NRS and BDNF solutions contained 1 M tetrodotoxin (TTX) (Sigma, St. Louis, MO). Pyramidal-type cells were recorded in voltageclamp mode, and the membrane potential was held at Ϫ80 mV for mEPSC recordings and at Ϫ40 mV for iontophoresis experiments to reduce Mg 2ϩ blockage of NMDA receptors. Five-barrel micropipettes were used for iontophoretic application of glutamate. One barrel, filled with 0.1 M NaCl, was used for current balancing. Other barrels were filled with 0.2 M L-glutamate, pH 7.5. Iontophoretic pulses were applied at 10 s intervals with an ejection time sufficient to achieve stable and consistent responses (typically 10 -30 ms). Each data point represents a cell from a separate dish, and at least three different platings were used for each condition.
Data analysis. Electrophysiological data were analyzed blind with regard to genotype. Spontaneous synaptic vesicle release was quantified by counting all mEPSCs recorded during 1.4 s sweeps collected every 2 s throughout the recording period. Glutamate-induced currents were analyzed by measuring the peak current for each iontophoretic pulse. Measurements for all sweeps in a 1 min period were averaged (binned). Baseline is considered the mEPSC frequency or glutamate-induced current magnitude during the 2 min period (Ϫ2 to 0 min) in NRS immediately before BDNF application. Fold increases were then determined by dividing the mEPSC frequency or glutamate-induced current during BDNF exposure by the baseline. Recordings were rejected if either the 0 -5 min binned time period or the 5-10 min binned time period after switching during BDNF exposure was 2ϫ SEM below baseline, indicating "run down." Student's t test, ANOVA, or Kolmogorov-Smirnov were used for statistical comparisons (unpaired, with p Ͻ 0.05 indicating significance).
Preparation of synaptosomes. Adult wild-type and Rab3A knock-out (two animals each) mice were used to prepare synaptosomes according to the first part of the protocol for postsynaptic density preparations (Wu et al., 1986) . Fresh cortices were gently homogenized (five strokes at 800 rpm) with a Teflon/glass homogenizer in 5 vol (w/v) in buffer containing protease inhibitors (0.32 M sucrose, 0.5 mM CaCl 2 , 1 mM MgCl 2 , and 1 mM NaHCO 3 ). The homogenate was subjected to two successive centrifugations. The supernatants were pooled and centrifuged, and the resulting pellet was resuspended by homogenization in 0.32 M sucrose and 1 mM NaHCO 3 containing protease inhibitors. This crude preparation was run on a sucrose gradient. The synaptosomes were recovered as a band, resuspended in 0.32 M sucrose and 1 mM NaHCO 3 plus protease inhibitors, pelleted, and resuspended in HEPES buffer containing inhibitors (20 mM HEPES, pH 7.5, containing 110 mM NaCl, 5.3 mM KCl, 1.0 mM MgSO 4 , 1.8 mM CaCl 2 , 25 mM glucose, 68.3 mM sucrose, protease inhibitor tablet, 1 mM PMSF, and 0.5 mM vanadate). The synaptosomes were quantitated using BCA protein assay to adjust for equal amounts of protein, equilibrated in HEPES plus NaH 2 PO 4 for 1 h, and treated with BDNF (10 or 50 ng/ml) for 10 min at 37°C. The reaction was stopped by the addition of 4ϫ loading buffer and boiled for 5 min.
SDS-PAGE and Western blot analysis. SDS-PAGE was performed with a 7-12% acrylamide gradient using 100 g of protein per lane. After transfer to Millipore (Bedford, MA) filters and blocking, antibodies to phospho-Tyr 1472 -NR2B (1 g/ml) (a gift from T. Yamamoto, University of Tokyo, Tokyo, Japan) were applied for 1 h. Donkey anti-rabbit secondary antibody (Amersham Biosciences, Piscataway, NJ) was used at 1:5000 for 1 h followed by ECL detection (PerkinElmer Life and Analytical Sciences, Boston, MA). The filters were stripped, and NR2B protein levels were determined using anti-NR2B primary antibody (1:1000) (Upstate Biotechnology, Lake Placid, NY) and donkey anti-rabbit secondary antibody (Amersham Biosciences). Bands were quantitated on a Bio-Rad (Hercules, CA) Gel Doc.
Results

Biphasic response to BDNF
To delineate the temporal profile of the acute synaptic response to BDNF in dissociated hippocampal neurons, whole-cell voltage-clamp recordings were performed for 30 min. For ϳ60% of the recordings, a two-component response was elicited. Synaptic charge increased within the first 5 min of BDNF exposure, declined at ϳ10 min, and subsequently rose again at ϳ15 min. The second peak in activity was maintained for the duration of BDNF treatment (Fig. 1) . For the remaining recordings, BDNF produced a maintained elevation in synaptic charge in which two components, although potentially still present, could not be clearly distinguished. These experiments suggest that the majority of pyramidal-like hippocampal neurons show a biphasic response to BDNF. Previously, we defined a requirement for the presynaptic vesicle protein Rab3A in an early phase (within 5 min) of BDNF-mediated synaptic enhancement using Rab3A knock-out mice (Thakker-Varia et al., 2001) . These data indicate that the early response to BDNF is presynaptically driven. In contrast, a later response of Rab3A mutant cells to BDNF was observed at 20 min, which is temporally similar to that produced by pairing glutamate iontophoresis and BDNF exposure (Crozier et al., 1999) . Therefore, a postsynaptic locus may contribute to this late action of BDNF.
Effect of BDNF on presynaptic parameters in Rab3A knock-out mice To define the contribution of presynaptic components to the biphasic BDNF response, we studied the effect of trophin on presynaptic parameters. mEPSC frequency was examined in wild-type and Rab3A knock-out cells during application of BDNF. Cells derived from wild-type mice showed a maximal increase of ϳ1.7-fold mEPSC frequency within 3 min of BDNF application (average events/s, 0.18 Ϯ 0.05 during Ϫ2 to 0 min before BDNF; 0.26 Ϯ 0.08 during 3-5 min after BDNF). However, BDNF did not elicit this enhancement of spontaneous release in mutant cells throughout the 20 min recording. The small decrease from 0.45 Ϯ 0.17 events/s before BDNF to 0.29 Ϯ 0.09 events/s 3-5 min after BDNF was not significant (Fig.  2 A, C) . For two sets of recordings, the individual mEPSCs were normalized and averaged. Rise time remained constant, but we did note a slight tendency for the mEPSC duration to become prolonged during exposure to BDNF (Fig. 2 B) . This increase in decay time was similar in both wild-type and Rab3A mutant neurons and was suggestive of a postsynaptic action of BDNF that was not disrupted in Rab3A knock-out mice. This possibility was examined directly with iontophoretic application of glutamate (see below). The distribution of mEPSC amplitudes was not altered by BDNF in Rab3A mutant cells, consistent with observations in wild-type and rat cells (Fig. 2 D) (Lessmann and Heumann, 1998) . Average mEPSC amplitude was calculated during three time periods: before BDNF (wild type, 38.2 Ϯ 7.4 pA; Rab3A, 41.6 Ϯ 5.1 pA), 3-5 min after BDNF (wild type, 39.9 Ϯ 6.2 pA; Rab3A, 39.8 Ϯ 4.3 pA), and 18 -20 min after BDNF (wild type, 35.5 Ϯ 3.8; Rab3A, 42.2 Ϯ 6.7). Therefore, Rab3A is specifically required for the enhanced frequency of vesicle exocytosis observed within the first 5 min of BDNF treatment. These data support the hypothesis that presynaptic mechanisms contribute to the early component of BDNF-induced synaptic plasticity.
Electrophysiological and biochemical analysis of postsynaptic characteristics in the absence of Rab3A
To define postsynaptic components of BDNF-mediated activity, we measured glutamate-induced current in pyramidal-like hippocampal cells in wild-type and Rab3A mutant neurons. Iontophoretic application of glutamate to the base of dendritic processes in cultured embryonic hippocampal neurons evoked a slow inward current, presumably including both synaptic and extrasynaptic neurotransmitter receptors. After establishing stable baseline measurements, BDNF was bath applied while continuing to elicit currents with glutamate iontophoresis. In wildtype cells, the major increase in glutamate-induced current was apparent beginning at 10 min after BDNF treatment and persisted throughout the recording, thus resembling the temporal profile seen previously (before BDNF, 143.7 Ϯ 22.2 pA; 18 -20 min after BDNF, 170.2 Ϯ 31.9 pA) (Crozier et al., 1999) . Rab3A mutant cells also displayed a similar iontophoretic response to glutamate in the presence of BDNF (before BDNF, 137.4 Ϯ 8.7 pA; 18 -20 min after BDNF, 161.5 Ϯ 15.2 pA) (Fig. 3) , demonstrating that the postsynaptic component is intact in the absence of Rab3A. The fact that the postsynaptic response to BDNF is not detectable until after 10 min of treatment supports the idea that the second phase of the bimodal BDNF synaptic response has a postsynaptic component.
As a check for normal postsynaptic responsiveness to BDNF in Rab3A knock-out mice, a parallel biochemical analysis was performed. Phosphorylation of the NMDA receptor subunit NR2B has been documented in both hippocampal postsynaptic densities treated with BDNF (Lin et al., 1998) and hippocampal slices after LTP induction (Nakazawa et al., 2001) . Figure 4 demonstrates a 1.5-fold increase in NR2B phosphorylation at Tyr 1472 in both wild-type and Rab3A mutant synaptosomes after 10 min of BDNF. NR2B total protein levels were not altered by BDNF treatment. These results support the concept that the biochemical postsynaptic effects of BDNF are not altered by lack of the Rab3A gene. The fact that Rab3A is not required for either increased glutamate-induced current or enhanced phosphorylation of the NMDA receptor by BDNF after 10 min suggests that the second phase of the bimodal response has a postsynaptic component that is independent of the presynaptic elements.
Discussion
We used Rab3A mutant mice to identify mechanisms underlying the temporally bimodal synaptic response to BDNF. The absence of Rab3A, a synaptic vesicle protein, has specific effects on the presynaptic elements of trophin-induced synaptic enhancement, which are evident within a few minutes of BDNF exposure. The postsynaptic components, in contrast, are manifested after longer BDNF treatment. Both electrophysiological studies on mEPSC frequency and glutamate-induced current as well as biochemical data on NMDA receptor phosphorylation support these findings. Our study is the first to document that the presynaptic and postsynaptic contributions to trophin-mediated synaptic plasticity are autonomous and temporally discrete.
BDNF enhanced the number of vesicles released in wild-type cells, as shown by an increase in mEPSC frequency, confirming previous reports (Lessmann and Heumann, 1998; Li et al., 1998; Schinder et al., 2000; Tyler and Pozzo-Miller, 2001) . The lack of effect on mEPSC frequency in Rab3A mutant cells demonstrates that the synaptic vesicle protein is specifically required for the enhanced frequency of vesicle exocytosis by BDNF and is consis- tent with the proposed role of Rab3A in a late step of vesicle fusion (Geppert et al., 1997) . The Rab3A mutant mice also display increased synaptic depression after short trains of repetitive stimuli (Geppert et al., 1994) . Finally, a recent study revealed that Rab3A-Rab3D quadruple knock-out mice do not have major alterations in synapse formation or synaptic properties but do have smaller evoked synaptic responses and decreased vesicular release probabilities (Schluter et al., 2004) . Therefore, our findings suggest that Rab3A is important in the recruitment of synaptic vesicles during augmented transmission consequent to BDNF exposure. The BDNF-induced increase in mEPSC frequency can be blocked by a dominant-negative trkB in the presynaptic cell (Li et al., 1998) , confirming the contribution of presynaptic BDNF signaling to this phenomenon. The association of BDNF with the regulation of synaptic vesicle trafficking has also been demonstrated in BDNF knock-out mice, which have fewer active zone vesicles and reduced levels of vesicle-associated proteins (Pozzo-Miller et al., 1999) . BDNF mutant mice exhibit decreased electrophysiological responses, including posttetanic potentiation and paired-pulse facilitation (Pozzo-Miller et al., 1999) , both of which are presynaptically driven. In this study, we demonstrate that the presynaptic component occurs early in the bimodal BDNF-mediated synaptic enhancement.
The later phase of the bimodal BDNF response is driven by a postsynaptic component, as evidenced by increased glutamateactivated current in Rab3A mutant cells after 10 min. Therefore, even in the absence of complete presynaptic machinery, the postsynaptic response is intact, suggesting that these components are independent. Our previous electrophysiological studies have defined a role for the NR2B subunit of the NMDA receptor in the postsynaptic BDNF response (Crozier et al., 1999) .
These physiological studies are entirely consistent with our biochemical characterization of the actions of BDNF on NMDA receptors in synaptosomes. Similar to our previous studies on rat hippocampus (Lin et al., 1998) , BDNF produced rapid tyrosine phosphorylation of the NR2B subunit in wild-type mice. BDNF treatment of Rab3A mutant synaptosomes produced an identical response, indicating that phosphorylation is not dependent on the presynaptic BDNF response and is consistent with observations in isolated postsynaptic densities (Lin et al., 1998) . Therefore, the postsynaptic biochemical response to BDNF is independent of the presence of the presynaptic machinery. Fyn kinase is believed to be responsible for tyrosine phosphorylation of the NR2B subunit (Nakazawa et al., 2001) . A BDNF-induced increase in synaptic transmission is absent in Fyn kinase knockouts, suggesting that phosphorylation is essential for the trophin Figure 2 . A, Representative traces of mEPSCs in wild-type or Rab3A knock-out cells before and ϳ5 min after exposure to BDNF. Whole-cell voltage-clamp recordings (V hold ϭ Ϫ80 mV) were performed in the presence of TTX. An increase in mEPSC frequency was observed within 5 min of BDNF exposure in wild-type cells but not in Rab3A knock-out cells. B, Averaged mEPSCs from before and two time periods after BDNF treatment for wild-type and Rab3A cells. Individual mEPSCs were normalized to the same amplitude and averaged. Rise time was unchanged, but there was a trend toward longer decay times after BDNF treatment for both genotypes. Averaged mEPSCs from a second set of recordings gave similar results. C, Average mEPSC frequency in response to BDNF (bar) over the course of the recording. mEPSC frequency was normalized to baseline (Ϫ2 to 0 min). Wild-type cells displayed an immediate increase (ϳ1.7-fold) in mEPSC frequency in response to BDNF relative to Rab3A knock-out cells ( p Ͻ 0.05; t test). Rab3A mutant cells did not respond to BDNF over the entire 20 min of recording and actually showed a small but insignificant decrease in mEPSC frequency relative to baseline ( p Ͼ 0.05; t test). The dashed line indicates baseline. Error bars represent SEM. D, Cumulative mEPSC amplitude probability for wild-type and Rab3A mutant cells (n ϭ 8 and 7, respectively). Errors bars represent SEM. No statistical differences were observed between the amplitudes before and two time periods after BDNF treatment for either wild-type or Rab3A mutant cells ( p Ͼ 0.05; Kolmogorov-Smirnov test). Recordings were obtained from multiple platings.
response (I. B. Black, personal communication) . Furthermore, Tyr 1472 phosphorylation of the NR2B subunit has also been associated with LTP in the CA1 region (Nakazawa et al., 2001) , suggesting a role for this mechanism in learning and memory.
Phosphorylation of presynaptic proteins has been shown to regulate BDNF-mediated synaptic enhancement. The vesicleassociated protein synapsin 1 is phosphorylated by BDNF and results in increased glutamate release (Jovanovic et al., 2000) . Recent studies demonstrate the association of synapsins with Rab3A and how this interaction regulates the activities of both proteins (Giovedi et al., 2004) , which may be relevant to why the absence of Rab3A affects the presynaptic response of the neuron to BDNF. In addition, a Rab3A-associated protein, rabphilin, is phosphorylated within 2 min by activity paradigms via increased intracellular calcium (Foletti et al., 2001) . Whether BDNF signaling results in rabphilin phosphorylation remains to be determined. It has already been demonstrated that rabphilin phosphorylation is dependent on the presence of Rab3A. Therefore, one possible explanation for the lack of presynaptic BDNF plasticity in Rab3A mutants may be the insufficient phosphorylation of rabphilin. Phosphorylation is thus emerging as a critical regulator of trophin-induced synaptic plasticity.
In summary, our studies indicate that BDNF-induced plasticity is a dual-component system exhibiting a bimodal profile: an early presynaptic component dependent on Rab3A and a later postsynaptic aspect that is independent of Rab3A. These processes may initiate downstream signals important in LTP, learning, and memory. A, Western blot of synaptoneurosomal proteins (100 g) from adult wild-type and Rab3A knock-out mouse cortices. Synaptoneurosomes were incubated in the presence of 10 or 50 ng/ml BDNF for 10 min. Phospho-NR2B was detected using an antibody to Tyr 1472 , and total NR2B protein was detected on the same membrane. B, Quantitation of NR2B phosphorylation indicates that BDNF enhances NR2B phosphorylation by ϳ1.5-fold. No difference in BDNF-induced phosphorylation levels was observed between wild-type and Rab3A knock-out samples. NR2B phosphorylation levels were similar in 10 and 50 ng/ml BDNF treatments. Phospho-NR2B was normalized to total NR2B protein, and data are expressed as a fold of phospho-NR2B relative to control, untreated samples (n ϭ 3). Error bars represent SEM. *p Ͻ 0.05, significantly different from control samples (ANOVA).
